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ABSTRACT
Proposals for mobile offshore bases include linking seria

3 to 5 large semisubmersibles to form a platform long enough
support large aircraft. We investigate herein the linear, wa
induced response characteristics of serially-connected semi
mersibles, with the forces required to link the modules as the 
mary focus. The impact of two connection strategies a
structural damping on the response is investigated, and 
response ‘modes’ which contribute to the connector forces 
evaluated in detail. We show that the response characteristics
be impacted significantly by the connection strategy. The w
natural frequencies and normal modes are determined and 
to explain the response characteristics. Although the analyses
based on a specific semisubmersible design, the results pro
insight on how similar systems of connected semisubmersib
may behave.

Key Words: Mobile Offshore Base, Connector Loads, Flui
structure Interaction, Hydroelasticity

INTRODUCTION
A floating mobile offshore base (MOB) (see, e.g., Remm

et al., 1998) would quite possibly involve connecting sever
more traditional-sized semisubmersibles. A MOB could provi
logistical support, such as the stationing of several thousand 
sonnel and stockpiling supplies and materiel, in locales wh
other facilities are not available. To support air operations
MOB would have to be at least 1500 m long. Operations in de
unprotected waters and mobility requirements favor connect
three to five semisubmersibles, each 300 to 500 m long. O
option is to use mechanical connectors. Such connectors w
be subject to large forces. Because semisubmersible design, 
ysis, and construction technologies have been well-develo
and proven in the oil industry, the principle technological que
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tions for this class of MOB relate to the connection. 
The objective of this paper is to evaluate the response c

acteristics of this class of MOB. Our primary goal is to develo
fundamental understanding of how such a structure respo
how the connection strategy can affect that response, and 
response modes contribute materially to the connector forces

To evaluate the linear, wave-induced behavior of seria
connected semisubmersibles, we analyze a 5-module, 150
MOB using linear hydroelasticity (see, e.g., Wu, 1984) and 
rigid module-flexible connector (RMFC) model (Wang et a
1991). The operational draft is 39 m, and each module is a t
pontoon, eight-column semisubmersible with approxima
dimensions of 300 m x 152 m x 72 m. We consider the impac
the response of two connection options (deck connection 
deck-pontoon connection) as well as structural damping. We c
sider ‘wet’ natural frequencies, transfer functions in regular se
and extreme response in irregular seas in the evaluation. A m
focus is the response modes which contribute to the conne
forces. We show that significant cancellation of modal contri
tions to the forces can occur. The results reveal how system
serially-connected semisubmersibles would likely behave.
somewhat complementary study has been reported recently
smaller semisubmersibles, involving flexible modules which 
integrally connected (Iijima et al., 1998).

MATHEMATICAL MODEL
We used a linear analysis procedure to determine the w

induced response. We review briefly here the fundame
assumptions and theory; further details can be found elsew
(Riggs et al., 1998a and 1998b). The structurally-simple ri
module-flexible connector (RMFC) model was used. This mo
is appropriate for two situations: 1) relatively stiff modules a
joined by relatively flexible connectors, such that virtually a
deformations occur in the connectors; and 2) the RMFC mod
Copyright © 1999 by ASME
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a lumped-parameter model of connected flexible module
which case the model stiffness represents a lumping of both 
ule and physical connector stiffnesses. The connectors 
modeled as linear, ‘zero-length,’ translational springs. The ‘z
length’ assumption is acceptable as long as the connector d
sions are small compared to the module dimensions, which 
case herein. In the RMFC model, the MOB’s motions are c
pletely characterized by the 6 displacement degrees-of-free
of each module (i.e., the modules’ surge, sway, heave, roll, 
and yaw). Although the structural model is simplified, thr
dimensional, linear potential theory was used to determine
fluid forces.

We assume the MOB is freely floating in deep water w
zero forward speed. The hydrodynamic forces result from
structural motion and from a train of regular long-crested wa
with frequency ω, a crest at x1 = 0 (at time t = 0), and an inci-
dence angle of β (see Fig. 1). The modules are partially s
merged in an incompressible and inviscid fluid undergo
irrotational flow in deep water. The fluid and structural moti
are assumed small. The applicable boundary-value proble
well-known; see Wu et al. (1993) and Ertekin et al. (1993)
details. The solution to the boundary value problem was obta
by the well-known, constant panel, 3-D source distribu
method. Note that complete structure-fluid-structure interac
involving all modules is considered in determining the ad
mass matrix, M f, the hydrodynamic damping matrix, Cf, and the
vector of wave exciting forces, Fw.

Given the above assumptions, the complex equation
motion in the frequency domain can be written as

(1)

in which M , C, and K  refer to 6Nx6N mass, damping, and stif
ness matrices, respectively; N is the number of semisubmers
bles; the subscripts s and f denote structural and fluid-relate
quantities, respectively; u is the 6N vector of module displace
ments; and the term eiωt has been eliminated from both sides
the equation. The transfer functions for the module displ
ments for a given wave angle β can be obtained by solving Eq.
for a range of wave frequencies. The transfer functions for
connector forces can be obtained by appropriate force-disp
ment relationships. For the present study, the response was
mined for frequencies between 0.1 and 1.4 rad/sec, wit
interval of 0.05 rad/sec. In addition, 0.175 and 0.225 rad
were used, for a total of 29 wave frequencies. Nine wave 
dence angles (β = 0˚, 15˚, 30˚, 45˚, 60˚, 75˚, 80˚, 85˚, and 9
were considered. The computer program HYDRAN (OCI, 19
was used for the analyses.

The response in irregular, unidirectional seas has been d
mined based on the transfer functions. We assume the Ray
probability distribution for the wave amplitudes, and theref
the significant response amplitude, Rs, is twice the standard dev
ation of the response. A measure of the amplitude of the s
term extreme response Re of any quantity is given by

[ ω2 M s M f+( )– i ωC f Cs+( ) K s K f+( )+ + ]u FW=
2
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in which H(ω) is the transfer function of the amplitude-respo
quantity, and Sη(ω) is the input wave spectrum. The two-param
ter Bretschneider wave spectrum, involving the significant w
height Hs and peak period Tp, and five irregular sea states we
considered for the present study (Hs = 3.25, 5.00, 7.50, 11.5
15.25 m and Tp = 9.7, 12.4, 15.0, 16.4, 20.0 sec, respective
The wave spectra are shown in Fig. 2. Only long-crested se
considered here.

MOB CHARACTERISTICS
The MOB consists of 5 identical modules with a draft of

m. The modules are 300 m x 152 m in plan; other principal c
acteristics are given in Table 1. The module properties in Ta
are specified in a ‘module’ coordinate system, x1 – x2 – x3, the
origin of which is located at the center of gravity (CG) of 
module. Axis x3 is directed vertically up, axis x1 is directed hori-
zontally parallel to the pontoons, and horizontal axis x2 is normal
to the pontoons. Motions in the x1, x2, and x3 directions corre
spond to the module’s surge, sway, and heave, respectively.
module is doubly-symmetric, i.e., they are symmetric w
respect to the x1 – x3 and the x2 – x3 planes.

The hydrodynamic panel mesh for (one-quarter of) the 
bly-symmetric single module involves 404 constant strength 
els, with 80 panels on each column. A convergence study, w
involved increasing the panels by a factor of approximate
showed that this discretization adequately captured the m
motions. For one-quarter of the doubly-symmetric 5-mo
MOB, 2,020 panels were used, which is equivalent to 8,080
els on the entire MOB.

A plan view of the MOB is shown in Fig. 1, which al
defines the module numbering scheme and the global coord
system (x1 – x2 – x3, which corresponds to module 3’s coordin
system). Connectors are used to join adjacent modules. 
individual connector provides finite resistance to relative tran
tional motions but no resistance to relative rotational moti
Two connection strategies are considered herein. The base
denoted kdeck, involves two connectors between adjacent m
ules, at the deck level only. The connectors are located atx2 =
±50 m and x3 = 33.13 m. Longitudinally, the connectors a
located 300 m on center. The connector numbering sche
indicated in Fig. 1, in which cj refers to connector j. There are a
total of 8 connectors in this strategy. Additional studies involv
this case are reported in Riggs et al. (1998a and 1998b). Th
ond case, denoted k4, involves four connectors, two at the de
level and two at the pontoon level, connecting each of the 
toons. The deck level connectors are located as in kdeck, and the
pontoon connectors are at x2 = ±50 m and x3 = –18.87 m. The
connector numbering scheme is such that modules 1 and
joined by connectors 1 and 2 at the deck level and connec
and 4 at the pontoon level. The sequencing continues simi
that shown in Fig. 1.

As stated previously, each connector is modeled by 
translational springs. For kdeck, the longitudinal, transverse, a

Re 1.86Rs 3.72 m0     m0, H2 ω( )Sη ω( ) ωd
0

∞
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vertical spring stiffnesses were 104, 106 and 103 MN/m, respec-
tively. These values are based on a study in which the lower 
ral frequencies of the RMFC model were matched with 
corresponding frequencies of a finite element model of the M
(MEH, 1997). For k4, each connector had one-half the stiffn
as in the other two cases, which maintains the total translat
stiffnesses at the same level. For comparison, the hydro
stiffness of a single module in heave, roll, and pitch is 34 MN
4.06 x 104 MN-m/rad, and 1.24 x 105 MN-m/rad, respectively.

Very stiff connectors may cause numerical ill-condition
of Eq. 1. However, we calculated the residual errors of the s
tions, and they were within acceptable tolerances for all freq
cies.

‘WET’ NATURAL FREQUENCIES AND NORMAL 
MODES

To gain an understanding of the natural vibration chara
istics of the connected MOB, we determined ‘wet’ natural 
quencies, ωn, and normal modes, ψψψψn, from the undamped
homogeneous form of Eq. 1:

(3)

Because the added mass matrix, M f, is frequency-dependent, E
3 represents a real, nonlinear eigenvalue problem. We us
iterative procedure for the solution, in which the added mass
calculated for a wave frequency, ω, and then the natural freque
cies were calculated. If a resulting natural frequency was s
ciently close to the wave frequency, it was accepted as an a
natural frequency. The error measure used was |(ω–ωn)/
ω|*100%. 

We used the same procedure to determine the natura
quencies of a single, rigid module, which were found to be 0.
0.128, and 0.159 rad/sec, for rigid body heave, roll, and p
respectively. For these frequencies the above error meas
1.5% or less.

It will be useful to distinguish between ‘structural’ and ‘no
structural’ normal modes of the MOB. We classify a norm
mode as ‘structural’ if a significant percent of the total poten
energy associated with the normal mode comes from the co
tors. Otherwise, it can be concluded that the mode consist
marily of rigid body motions of the modules in such a way 
there is relatively little deformation in the connectors.

For both connection cases, the first 3 natural frequenci
the MOB, corresponding to rigid body surge, sway, and yaw
zero. The fourth natural frequency, corresponding essentia
rigid body roll, is approximately 0.128 rad/sec. These modes
of course, non-structural.

We list the calculated natural frequencies below 1.4 rad
together with a description of the normal modes, in Table 2
Table 3 for kdeck and k4, respectively. All frequencies have a
error of less than 6%. An evaluation of the percentage of the
potential energy in the connectors revealed that the mode
classified easily as either structural or non-structural. 

For case kdeck, the modes denoted ‘vertical’ involve surg
heave, and pitch of the modules. The indicated symmetry/
symmetry is with respect to the x2–x3 plane. Mode 5 involves

[ ωn
2 M s M f+( )– K s K f+( )+ ]ψψψψn 0=
3
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alternating pitch of the modules, resulting in a ‘sawtooth’ con
uration. Modes 6 and 7 are similar to mode 5, involving prima
heave and pitch of the modules. Using a beam analogy, mo
has the appearance of the 1st vertical bending mode of a free
beam. Those modes with a natural frequency closer to the s
module pitch natural frequency of 0.159 rad/sec have a sub
tial pitch component, while those modes with a natural freque
closer to the single module heave natural frequency of 0.193
sec have a substantial heave component. Mode 11, the first 
tural mode, is analogous to the 1st horizontal bending mode
free-free beam, and mode 12 corresponds to the 1st tors
mode. (Because the ‘shear center’ and the center of mass a
coincident, mode 11 also involves slight torsion and mode
also involves slight horizontal bending.) The ‘dry’ natural f
quencies (i.e., for the structure ‘in-air’) corresponding to mo
11 and 12 are 1.09 and 1.33 rad/sec, respectively. It is likely
the connector deformations will be significant primarily if mod
11and/or 12 are excited. It is unlikely that higher modes will
significantly excited because of the low energy content of i
dent waves at frequencies higher than 1.4 rad/sec, althoug
spatial distribution of the load must also be considered. Align
the connectors at the same elevation introduces considerable
ibility related to heave and pitch motions of the modules,
revealed by these non-structural vertical modes.

When the natural frequencies and normal modes for k4 are
compared to those for kdeck, several differences can be identifie
immediately. First, by connecting the deck and pontoons,
connection stiffness is sufficient to cause rigid body pitch of
entire MOB (mode 5), as though it is a rigid body. The vert
‘mechanism-type’ modes, with essentially zero energy in 
connectors, are eliminated. It can be expected that the force
excite these modes will now have to be resisted by the con
tors, especially through longitudinal forces, which resist rela
pitch of the modules. Second, the first vertical bending m
now has a natural frequency, 0.422 rad/sec, at which there is
nificant wave energy. Hence, resonance leading to large lon
dinal connector forces can be expected if the spatial distribu
of the wave exciting forces also corresponds to first mode ver
bending. Third, the creation of a ‘closed cross section,’ by lo
ing connectors at both the top and bottom, has increased th
quency of the first torsional mode to over 1.4 rad/sec.

The increase in the natural frequency of the torsional m
is a positive result of adding connectors at the pontoons. H
ever, the shift of the first structural bending mode into the re
at which there is substantial wave energy is a substantially n
tive result. If the longitudinal connector stiffness is increased
a factor of 8 (a significant amount), the frequencies of mod
and 6 are not affected, the frequency of the first structural m
mode 7, is shifted out of the wave energy region to 0.984 rad
and the frequencies of modes 8 and 9 are shifted beyond 1.
sec. 

HYDRODYNAMIC CONSIDERATIONS
The surge, sway, heave, roll, pitch, and yaw motion cha

teristics of a single, rigid module are of course very importan
the response of serially-connected modules. The motion R
Copyright © 1999 by ASME
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and extreme response of the present semisubmersible d
have been presented in detail elsewhere (Riggs et al., 19
1998b) and will not be repeated here. A few comments ar
order, however. The module is very large; the 300 m lengt
nearly three times the length of many semisubmersibles use
the oil industry. The large size results in motions which are
general smaller than would otherwise occur. Also, as sta
before, the heave, roll and pitch natural frequencies are low,
they are below the frequency range with significant wave ene
Also reported in Riggs et al. (1998a and 1998b) are the resu
serially-positioned but unconnected modules. The results il
trate that the structure-fluid-structure interaction of these m
ules is not large. Those quantities most impacted by the pres
of adjacent modules are surge and pitch in head seas.

CONNECTION STRATEGY AND DAMPING
Prior to a detailed investigation of the wave-induc

response of a MOB, it is useful to consider first the extre
response for the two cases to determine the impact of conn
location and structural (connector) damping. Figs. 3 and
present the maximum extreme motions for the MOB modu
The results shown are the maximum response, considerin
modules and the seastates and wave angles specified previ
The maxima are shown for three hysteretic structural damp
ratios: 0%, 2%, and 5%. Inspection of these figures demonst
that for kdeck the structural damping, at least for ratios up to 5
does not affect the maximum motions. The response of k4 dem-
onstrates the response is significantly affected by introdu
connectors at the pontoon. Heave is much higher than for
other two cases. In addition, heave and pitch are reduced sig
cantly by structural damping, which implies that resonance
mode 7 is significant.

The maxima of the extreme connector forces, considering
connectors, are shown in Fig. 5. For kdeck, connector damping
reduces the horizontal connector forces by approximately 1
which could be significant for design. The horizontal connec
forces are substantially larger for k4, and damping causes a su
stantial reduction, neither of which is surprising given the natu
frequency of the first vertical bending mode.

Providing 5% structural damping would be difficult 
achieve and would require innovative design. It is possible 
such a level of additional damping might be achieved not 
through connector design, but also through the addition
‘hydrodynamic’ components to increase, for example, ene
dissipation through viscous damping. The difficulties notwi
standing, in the following discussion 5% damping will be cons
ered, given the beneficial reduction that damping can produc

CONNECTOR FORCES
Because a major motivation of this study is to underst

more completely the forces required to link semisubmers
modules, we examine these forces in detail. Space limitat
require us to focus exclusively on longitudinal connector forc
As can be seen from Fig. 5, these are substantially larger tha
transverse and vertical forces. Fig. 6 shows the maxim
extreme longitudinal connector forces, considering all conn
4
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tors, as a function of seastate and wave angle. The maxim
forces occur in near beam seas, a result which has been disc
previously (Wu and Mills, 1996; Riggs et al., 1998a and1998
The results for the transverse and vertical connector forces
similar, except that the magnitudes are significantly lower (s
Fig. 5). 

The connectors associated with module 3 (connectors 3
have the highest longitudinal forces, and of these, connecto
has the largest force. The RAO for this force is shown in Fig
From Fig. 7 it is clear that the reason the highest longitudi
forces occur at 85° is because of the large peak in the RAO a
rad/sec. It can be shown that first mode longitudinal bending (
mode 11) contributes 93% of the peak value. For an incom
wave at 0.7 rad/sec and 85°, the projected wave length is alm
1500 m; that is, if a crest is at the beginning of the MOB, the
crest is also at the end and a trough is at the middle. Hence
Froude-Krylov forces are spatially distributed so as to excite fi
mode horizontal bending. At this excitation frequency, t
dynamic magnification factor for mode 11, based on the defi
tion for a single degree-of-freedom system with natural f
quency of 0.923 rad/sec, is approximately 2.3. 

A decomposition of the RAO into the different respon
components reveals more clearly how the module relat
motions contribute to the force. Relative surge, pitch and y
contribute to the longitudinal forces. Fig. 8 shows the relat
contributions of each of these motions to the RAO for a wa
angle of 85°. It is clear that the longitudinal forces are due alm
entirely to relative yaw (horizontal bending), and that the forc
induced by relative surge and pitch cancel each other. If eit
surge or pitch were constrained, however, then the conne
force could change substantially. Of course, at a wave angle o
there is no yaw and the longitudinal force is due solely to relat
surge and pitch.

For k4, Fig. 9 shows the maximum extreme longitudin
connector forces, considering all connectors, as a function of 
state and wave angle. The maximum forces occur at a wave a
of 75°. Again, connectors associated with module 3 have 
highest longitudinal forces (connectors 5, 8, 9, and 12), and
these connector 8 has the largest. The RAO for this force
shown in Fig. 10. A large peak in the RAO occurs at 0.4 rad/
and 75°. Examination of the incoming wave reveals that 
Froude-Krylov forces are distributed such as to excite verti
bending. In addition, the dynamic amplification factor for mode
is approximately 7. These results and the significant wave ene
near 0.4 rad/sec explains why the longitudinal connector for
are so large for k4, and why structural damping is so importan
The RAOs for the transverse and vertical connector forces a
have peaks at or near 0.4 rad/sec, although the magnitude
much smaller.

As before, a decomposition of the RAO into the differe
response components reveals how the module relative mot
contribute to the force. Fig. 11 shows that, at low frequenc
(0.2–0.5 rad/sec), although the longitudinal force results from
summation of surge, pitch and yaw motions, pitch (vertical be
ing) is the major contributor, as expected. At larger frequenc
(> 0.6 rad/sec), yaw (horizontal bending) is the dominant contr
Copyright © 1999 by ASME
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Because resonance in vertical bending is clearly a prob

for k4, it is interesting to determine the extreme response w
the longitudinal connector stiffness is increased by a factor o
As mentioned previously, the frequency of the first vertical be
ing mode is shifted to 0.984 rad/sec. In this case the extreme
gitudinal connector forces are reduced by a factor 
approximately 2, as are the vertical forces. The transverse fo
are essentially unchanged.

CONCLUSIONS
Based on the current study, the following conclusions can

drawn. It should be noted that they are based on the mo
design and MOB layout described herein. Although some
these conclusions can be generalized to similar cases, care s
be taken in making such generalizations.

1. For the connection strategies and stiffnesses considered 
the longitudinal connector forces are substantially larger than
transverse and vertical connector forces. The extreme longit
nal forces are due to either horizontal bending (kdeck) or vertical
bending (k4). Note that a previous study (Riggs et al., 1998
found that if the stiffness of kdeck is reduced, e.g., by three
orders of magnitude, the maximum longitudinal forces result p
marily from relative surge. However, the forces for such a s
connection were relatively small.

2. Aligning the connectors at the same elevation to form
‘hinge’ connector (kdeck) creates a ‘non-structural,’ mechanism
type vertical bending mode. The natural frequency of this m
is approximately equal to the natural pitch frequency of a sin
module.

3. Connecting the modules at the deck and pontoons k4)
increases substantially the longitudinal connector forces if 
natural frequency of the first vertical bending mode is shifted
the frequency range with significant wave energy. Resonance
occur, and structural damping can be important.

4. Structural damping can reduce the calculated extreme lo
tudinal forces significantly. The reduction caused by 5% dam
ing, relative to no damping, for kdeck and k4 was 15% and 18%,
respectively.

5. The wave frequencies and angles corresponding to pea
the RAOs of the connector forces can be explained, at least
tially, by the spatial distribution of the Froude-Krylov force
which excite structural modes involving the specific force.

6. The maximum extreme connector forces occur in wa
angles ranging from approximately 75° to approximately 8
Limiting the wave angle to a maximum of 45° will reduce th
maximum longitudinal forces by a factor of approximately 2.

These results are based on the RMFC model. If the flexi
ity of the modules are explicitly modeled, some differences m
result. Such a study is a logical next step in an investigation
response characteristics of connected semisubmersibles. S
study is currently in progress.
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Table 1 Principal characteristics of a module

Upper Hull

Length 280 m

Breadth 152 m

Depth 24.6 m

Lower Hull

Length 260 m

Breadth 38 m

Depth 16 m

Transverse Spacing 100 m

Columns

Length 21 m

Breadth 21 m

Longitudinal Spacing 63 m

Transverse Spacing 100 m

Operational Displacement 337,000 x 103 kg

I1 1.0493 x 1012 kg-m2

I2 2.9273 x 1012 kg-m2

I3 3.1744 x 1012 kg-m2

KG 26.87 m
6

Table 2 Natural frequencies and modes- kdeck

Table 3 Natural frequencies and modes- k4

kdeck

Mode
Frequency 
(rad/sec)

Description

5 0.153
Non-structural; vertical,
antisymmetric

6 0.165
Non-structural; vertical,
symmetric

7 0.181
Non-structural; vertical,
antisymmetric

8 0.188
Non-structural; 1st vertical bending 
mode

9 0.192
Non-structural; vertical,
antisymmetric

10 0.192
Non-structural; rigid body heave of 
MOB

11 0.923
Structural; 1st horizontal bending 
mode

12 0.943 Structural; 1st torsional mode

k4

Mode
Frequency 
(rad/sec)

Description

5 0.192
Non-structural; rigid body pitch of 
MOB

6 0.192
Non-structural; rigid body heave of 
MOB

7 0.422
Structural; 1st vertical bending 
mode

8 0.925
Structural; 1st horizontal bending 
mode

9 1.05 
Structural; 2nd vertical bending 
mode
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Fig. 1 Definitions of global coordinates, wave angle ββββ, 
module numbers, and connector numbers

Fig. 2 Bretschneider wave spectra for five significant 
wave heights
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Fig. 3 Maximum extreme surge, sway, and heave for all 
modules, wave angles, and seastates

Fig. 4 Maximum extreme roll, pitch, and yaw for all 
modules, wave angles, and seastates
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Fig. 5 Maximum extreme connector forces for all con-
nectors, wave angles, and seastates

Fig. 6 Extreme longitudinal connector forces– kdeck
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Fig. 7 RAO of longitudinal force in connector 3– kdeck

Fig. 8 Composition of RAO of longitudinal force in con-
nector 3 at 85°– kdeck
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Fig. 9 Extreme longitudinal connector forces– k4

Fig. 10 RAO of longitudinal force in connector 8– k4
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Fig. 11 Composition of RAO of longitudinal force in 
connector 8 at 75°– k4
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